A brain^computer interface (BCI) is a way of conveying an individual's thoughts to control computer or electromechanical hardware. Capitalizing on the ability to characterize brain activity in a reproducible manner, we explored the possibility of using real-time fMRI to interpret the spatial distribution of brain function as BCI commands. Using a high-¢eld (3 T) MRI scanner, brain activities associated with four distinct covert functional tasks were detected and subsequently translated into predetermined computer commands for moving four directional cursors. The proposed fMRI-BCI method allowed volunteer subjects to navigate through a simple 2D maze solely through their thought processes. NeuroReport
INTRODUCTION
A brain-computer interface (BCI) is a way of using an individual's thought processes to control computer or electromechanical hardware without using overt muscle activities [1] [2] [3] . This type of system has the potential to provide a new form of communication and control options for individuals paralyzed from high-level spinal cord injury, severe neuromuscular disorders, or amyotrophic lateral sclerosis (ALS). The methods and utility of a BCI are currently being investigated in the field of rehabilitation [3] [4] [5] and neurorobotics [6] [7] [8] .
Since a BCI is aimed at detecting signals generated from responsive or intentional brain activities in a real-time fashion, most BCI systems to date are based on the detection of electroencephalography (EEG) recordings, whereby the amplitude or temporal patterns of the brain activity associated with a task is interpreted as an analogue control signal. For example, several BCI techniques have been developed based on scalp-recorded EEG activity. These techniques include (1) the detection of the P300 component of an event-related evoked potential (ERP) [9] , (2) EEG murhythm conditioning [1, 4, 10] , and (3) the use of visual evoked potentials (VEPs) during visual target recognition [11] . Techniques for classifying, detecting and mapping EEG patterns were also described [12] . Implantable microelectrode arrays have also been used to associate neural activities with controlling a remotely located robotic arm in primates [13, 14] . fMRI provides a high-resolution map of the brain activities associated with neuronal activation. With spatial resolution in the millimeter range, the analysis of fMRI data can now be done in a real-time manner [15] [16] [17] . Taking advantage of this capability, our group previously reported the use of fMRI for the biofeedback of one's brain function, whereby the level of activation in the hand motor areas were voluntarily changed [16] . More recently, new studies have included attempts to modulate amygdala activation during trials of self-induced sadness [18] , activities in the rostralventral and dorsal part of the anterior cingulate cortex [17] , and activation in somatomotor cortex during cognitive imagery tasks [19] . These studies suggest that regionally specific brain activities can be voluntarily adjusted, and that these changes can be detected and quantified using fMRI. This forms a strong framework whereby the spatial distribution of brain function can be detected and translated into discrete computer commands.
We implemented an fMRI method to detect the brain activation patterns associated with four different functional tasks, and translated the activation associated with each task to one of the four directional cursor commands for navigation through a 2D maze presented during the BCI session. In addition, since we intended to make thought processes the means to control the computer, subjects were required to use only mental tasks that are not overtly expressed via physical activities.
MATERIALS AND METHODS

BCI overview:
In order to demonstrate the feasibility of an fMRI-BCI, we limited the degrees of freedom for the computer control commands to accommodate only four directional cursors (up, down, right and left) necessary for navigating through a simple 2D maze. The overall schematic of our BCI implementation is illustrated in Fig. 1 . The BCI procedure was divided into two distinct stages. The first stage was to inform and train the volunteers about the tasks (four distinct thought processes) to be performed during the BCI fMRI sessions. During this stage, template fMRI maps were created, whereby regions of interest (ROI) representative of each task were linked to specific cursor commands. In the second stage of the BCI procedure, subjects navigated a simple 2D maze using these mental tasks. Subjects viewed the 2D maze via MR-compatible goggles, and determined the appropriate cursor commands needed to complete the maze. In the subsequent fMRI sessions, the subject performed the mental task corresponding to each intended cursor movement. The data was then processed in a near real-time manner. The subject's brain activation patterns within the representative ROIs were quantitatively compared to the templates using Dice's similarity coefficient (DSC) [20] . The cursor moved through the maze in the direction that corresponded to the best matching (thus, the highest DSC) activation pattern. The process continued until the cursor reached the end of the maze.
Subject preparation: Three healthy male volunteers (21-24 years in age) were recruited for the implementation and testing of the method. The participants were all righthanded according to the Edinburgh Handedness Inventory, and had no history of psychiatric or neurological disorder. Informed consent was obtained prior to the study according to the ethical guidelines set forth by the institutional review board of Brigham and Women's Hospital and Harvard Medical School.
fMRI parameters: The fMRI BCI was implemented using a high-field (3Tesla) MR scanner using VH3 software (GE Medical Systems, Waukesha, WI). T1-weighted anatomical images were acquired using a Spoiled Gradient Recalled (SPGR) sequence (TR/TE¼30 ms/minimum, flip angle¼301, 256 Â 256 matrix, 240 mm field of view). Functional images were collected with a T2*-weighted gradient echo sequence (TR/TE¼1500/40 ms, flip angle¼801) with an in plane resolution of 3.75 mm (240 mm field of view, 64 Â 64 inplane matrix). Twenty 5 mm axial slices (1 mm slice gap) were imaged covering most of the brain. Four initial dummy data acquisitions were included to allow for T1 signal equilibration.
A block-based paradigm design was used to detect the functional areas for the BCI procedures. The task conditions, 15 s in duration, were interleaved by rest periods of the same duration, and repeated 3 times (Fig. 2) . With a TR of 1.5 s, 10 sets of images were acquired for each period of task or rest condition. During the rest condition, the subject binaurally listened to a computer-generated 900 Hz monotone (sampled at 11 kHz) paced at 2 Hz using sound editing software (Goldwave 4.24, Goldwave, NF, Canada). This rest condition enabled subjects to remain at a constant level of attention throughout the experiment. The auditory stimulation was delivered using a MR-compatible headset (Avotec, Inc. Jensen Beach, FL).
Near real-time processing of fMRI data: The raw fMRI data were temporarily stored in a MR control workstation. The data were then transferred to a computational workstation (1 GHz Intel Processor with 512 MBytes of memory) via FTP protocol (10 megabit/s transfer rate) where the image reconstruction and fMRI data processing were performed. MATLAB software (Mathworks Ver 6.0, Natick, MA) was used to reconstruct and process the fMRI data. The overall processing time was typically o15 s for the given fMRI imaging parameters. fMRI data were processed by calculating pixel-by-pixel t-test scores for rest and task periods. Linear detrending was applied to the time-course of the fMRI data. The data acquired from the dummy scans were excluded from the calculation. The pixels with significant activation were defined at the level of p o10
À3
.
Calibration of fMRI data & ROI generation: Each subject was first informed of the four types of fMRI tasks and their corresponding computer control (Table 1) . These tasks were, (1) mental calculation: sequential subtraction of 3 from the number 50 (up), (2) mental speech generation of the lyrics of a classic nursery rhyme or the Pledge of Allegiance (down), (3) motor imagery of sequential finger opposition of the right hand (right), and (4) the same motor imagery task on the left hand movement (left). After a brief practice, the subjects underwent real-time fMRI sessions to confirm that spatially distinct areas were reliably detected for each of the four imagery tasks. Based on previous fMRI studies using similar mental tasks [21] [22] [23] , we defined four distinct ROIs for further characterization and comparison (Table 1) . The ROIs, which best represented each specific task, were manually segmented and stored as a bitmap using a graphical user interface (GUI) written in Matlab.
Spatial navigation through a 2D maze using the BCIfMRI: After generating template fMRI maps with taskspecific ROIs, the subjects were shown the 2D maze and asked to become familiar with its structure. The difficulty of the maze was simple enough for that the subject to plan for the shortest solution at first glance. The sequence of movements needed to complete the maze, which corresponded to the four possible BCI controls, were randomized and balanced (each functional task needed to be performed 3 times to complete the maze). The contents of the maze (shown in the upper right corner of Fig. 1 ), was constructed from 10 Â10 component bins, and required a minimum of 12 external inputs to complete the maze. If an invalid input (such as wrong direction) were provided, the cursor would not move through the maze. Instead, a try again sign was shown to the subjects. The 2D maze and its controlling environment were programmed with interactive animation software (Director 6.0, Macromedia, San Francisco, CA). The subjects closed their eyes during the fMRI data acquisition. We employed the DSC to determine which of the four functional templates best matched a current brain activation map ðDSC ¼ 2V jk overlap =ðV j þ V k Þ; where V j and V k were the volume of activation from session j and template k respectively, and V jk overlap is the volumes commonly activated from V j and V k ). The highest DSC among the four different directional template maps was determined and used to move through the maze. Upon completing a task, the subject was instructed to open their eyes to confirm the results of their attempted BCI navigation. If the actual cursor movement was different from the desired movement, it was recorded and the fMRI session was repeated.
RESULTS
As shown in Table 1 , four distinct patterns of global activation were found corresponding to each of the four tasks. These are (1) bilateral activation in the medial superior frontal gyrus, representative of mental calculation, (2) left Broca's area (inferior frontal gyrus) and the auditory association areas for the internal speech task, (3) the left somatomotor areas for the right hand imagery task, and (4) right somatomotor areas for the left hand imagery task. The time needed to complete the generation of the four template functional map was o15 min (excluding subject preparation and initial training).
The results of the fMRI-BCI sessions, obtained from three subjects, are shown in Table 2 and Fig. 3 . As shown by the DSC values from Table 2 , the four different tasks often shared common activation areas (i.e. DSC being greater than zero for the other tasks). For example, left hand motor imagery also involves the activation in the ipsilateral part of the somatomotor areas, which are also engaged during right hand motor imagery [23] . Due to this overlap in the neural substrates, the method misidentified one of the commands from Subject A during the 11th fMRI session, resulting in a performance accuracy of 92.3%. Subjects B and C, on the other hand, completed the maze navigation without error in 12 steps. The time needed to generate each movement command was B2 min 15 s (including 1 min 51 s fMRI scan time).
DISCUSSION
A method, implemented in a high-field MRI system, was designed to detect the spatial patterns of brain activities generated from four different functional tasks. The unique cortical activation pattern of each task was interpreted as the predetermined computer commands, used for moving a cursor for spatial navigation through a maze. Based on our preliminary data, we conclude that fMRI can be used as a working BCI prototype.
fMRI is economically unfavorable compared to the EEGbased BCI methods. However, we have shown that fMRI opens a new dimension to the current BCI prototypes by using spatially-selective neural activities to generate discrete cursor controls. As the methodology matures, we believe that this fMRI-BCI can be integrated with the existing BCI modalities to enhance and complement their functions. For example, it may be possible to correlate a certain type of EEG activity with the brain activation pattern from fMRI sessions using simultaneous EEG and fMRI data acquisition [24] . In this case, fMRI could be used as the initial guide, fine-tuning the BCI protocols for classical EEG-based BCI procedures.
The current fMRI-BCI method has a marginal temporal resolution of 42 mins for command generation. In order to increase the speed of the fMRI-BCI protocol, a single-trial design with duration of 60 s, similar to the paradigm used in Posse et al.'s implementation [18] , can be employed in place of the current block-based design. With the optimization of scan parameters and task timing, the temporal resolution of the method can probably be increased significantly.
We also found that the accuracy of our fMRI-BCI method was not perfect although two subjects were able to complete the navigation with no error. Because the four tasks engaged overlapping areas of activation, we implemented an ROIbased approach to measure the degree of similarity between a current activation pattern and the template activation maps. Since only small regions of interest were analyzed, the method could be improved by using a more advanced pattern recognition algorithm such as a statistical neural network classifier [25] . Results of Dice's similarity coe⁄cient (DSC) measurements for the three subjects (from A-C) tested with the fMRI-BCI procedure. The x-axis represents the sequence of BCI sessions and executed cursor commands.TheY-axis represents the four possible directional commands that can be executed by the computer.The Z-axis indicates the DSC.The maximum DSC in each sessions is marked with white circles.The pink circle on the 11th session from subject A indicates a false movement ('R' instead of 'L') and was corrected in the following attempt.
We utilized the spatial distribution of brain activation as the mediator for the BCI. However, the magnitude of the blood oxygenation level-dependent (BOLD) signal itself can also be utilized as the BCI signal. For example, earlier investigation showed that the BOLD signal in the anterior cingulate can be adjusted through the help of real-time fMRI neurofeedback [17] . The ability to control the BOLD signal magnitude in a discrete fashion (such as small, intermediate, and large MR signal increase during the task trial) could be used to increase the degrees of freedom for the BCI. The biofeedabck of one's own brain function, i.e., neurofeedback, would be beneficial during pre-BCI traning sessions, where subjects learn the best strategy for modulating the BOLD signal responses for a given task.
CONCLUSION
We have shown that fMRI can be used to detect the spatial pattern of activation and translate these patterns into distinct BCI commands. By exploring different types of mental tasks such as mental imagery and covert cognitive tasks, together with improving the speed and accuracy of the detection method, we believe that this fMRI-BCI can be used to control a virtual keyboard presented to a subject via MR compatible goggles. This keyboard, for instance, can be controlled by using both the different types of thought processes (different spatial distribution of activation) and its degree of exertion (different mganitude of BOLD signal contrast). 
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